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Abstract
Scanning ion conductance microscopy (SICM) is a scanning probe technique
that utilizes an electrolyte filled glass-pipette to recover the topography of a non-
conductive sample in an electrolyte solution. This technique monitors the change
in current that is caused by a change of resistance through the pipette to recover
the topographic image of a non-conductive sample. By monitoring the change in
current, the probe does not actually come in contact with the sample such as the
Atomic Force Microscope, which makes contact and deforms the sample in doing so.
SICM has shown potential in various applications such as high resolution imag-
ing of living biological cells or the determination of local changes on the cellular
level. SICM can be combined with other imaging techniques such as fluorescence
microscopy, confocal microscopy, and patch clamping. A key feature of SICM is its
non-invasive scanning ability. The ability to scan samples without coming making
contact allows for more robust research in biology.
Current SICM techniques call for a one electrode probe, but in this research
we are exploring a two-electrode scanning apparatus. With a two-electrode ap-
proach, the two-electrode voltage clamp (TEVC) technique is utilized. TEVC is
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typically used in electrophysiological experiments to control the membrane potential
and study properties of ion channels. Advantages of a two-electrode approach is its
high current-passing capacity, the ability to inject current into the system based on
the measurement feedback, thus increasing its sensitivity and signal-to-noise ratio.
By having a noise-compensation system, scans do not need to be in a strictly con-
trolled low-noise environment. Comparing with the single-electrode system, this new
system can handle high current-capacity measurements and is inherently insensitive
to noise which is the challenge of measuring small currents. This research will ex-
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Microscopes are used to analyze biological samples with resolution beyond the
capabilities of the human eye. Since the invention of the microscope in the 16th
century, three general types of microscopes exist. The first and most common type
is the optical microscope. An optical microscope contains one or more lenses to
produce an enlarged image of the sample in the focal plane. These microscopes
contain a refractive glass that redirects light into the eye or another light detector.
Typical magnification of a light microscope in the visible light range is about .25
micrometers. Higher resolution can be achieved by using shorter wavelengths of
light.
The second group of microscopes are ones that have the capability to send accel-
erated electrons as a source of illumination. Because electrons can be up too 100,000
times shorter than visible light, these microscopes have higher resolution power than
traditional light microscopes. Electron microscopes have the ability to investigate
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cellular structures of biological samples. The original form of electron microscope,
transmission electron microscope(TEM), uses a high voltage electron beam to illu-
minate the sample to create an image. The beam of electrons passes through the
sample and is then magnified by an additional lens to create the image. Another ver-
sion of an electron microscope is the scanning electron microscope(SEM). Similar to
the TEM, the SEM focuses a beam of electrons towards the sample but the beam is
scanned across a predefined area of the sample. SEM allows for the topography and
composition of the sample to be imaged. The SEM has lower resolution capabilities
than the TEM, but the images of the SEM are of the surface whereas electrons pass
through the sample in TEM.
The third group of microscopes are the scanning probe microscopes (SPM). This
group is a newer branch of microscopy compared to optical and electron microscopes.
This group of microscopes requires a probe tip which scans over the surface of the
sample. Some of the popular SPM’s are the atomic force microscope (AFM), scanning
tunneling microscope (STM), and the scanning ion conductance microscopy (SICM).
AFM scans a sample with a sharp tip attached to a cantilever to recover the surface
topography of the sample. This method has become a standard imaging tool for
label-free, high resolution imaging of living cells [18]. AFM has two standard modes
that exert minimal force on the sample [10]. This may cause unintentional responses
from the cell that are mechanosensitive or it may cause the cell to rupture or deform
[2] [8]. SICM was invented by Paul Hansma and his colleagues in 1989 [6]. This
method monitors the ionic current through the tip of a micro-pipette filled with
an electrolyte. The relation between the ionic current and the tip-sample distance
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is used to determine the topography of the non-conductive surface sample [6]. In
contrast to the AFM, this method does not require the probe to come into contact
with the target sample. Because SICM does not rely on contact with the sample, this
method is an emerging imaging technique that has demonstrated a high potential for
live cell imaging that does not cause any morphological changes [6] [11]. Currently,
the common apparatus for an SICM is with one probe with a patch clamp amplifier.
In this research, I will be exploring the possibilities of a two-probe SICM apparatus
with a two-electrode voltage clamp amplifier.
The structure of my thesis will be as follows: Chapter 2 will cover the literature
review, which will cover the principles leading up to the SICM. Chapter 3 presents
the apparatus of the two-probe SICM and the methodology of this technique, which
will also discuss how signals are received and how the images are processed. Chapter
4 will introduce the experimental data and results, which will include processed
topographic images. Chapter 5 will conclude the thesis by discussing the results and




Chapter 2 will present literature pertaining to the SICM. This will discuss SICM
principle and techniques currently used and the microscope’s role in biological stud-
ies. Requirements that allow the scanning ion conductance microscopy to function
will be covered along with electrophysiological techniques that SICM has adopted to
become a microscope.
2.1 SICM Principle
The SICM consists of a glass micro-pipette, a micro-manipulator, an amplifier,
and a microscope. The micro-pipette is filled with electrolyte and lowered into a bath
of electrolyte solution in close proximity of the sample [14]. Once a voltage is applied
between two electrodes, one inside the pipette and the other in the bath, the probes
are used to measure ion conductance. As the tip of the micro-pipette approaches the
sample, the ion conductance reduces because the space for ion flow is decreased [14].
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This reduction in space can be called access resistance. In Figure 2.1, the access
resistance is denoted by rL(d). The access resistance increases as the space between
the tip and sample decreases. Changes in the current are measured by the amplifier
and typically used as a feedback signal to keep the distance between the tip and
sample constant [14]. This allows the system to recover the sample’s topography.
There are several types of operating modes of SICM that will be addressed.
Figure 2.1: The current flows through a series of three resistors. A)A schematic of
SICM, where raccess is dependent on the distance (d) between the tip and sample,
rpipette is dependent on the aperture of the pipette, and rbath is dependent on the bath
concentration. B) A circuit diagram depicting the three resistances in series, which
is adopted from [7]
All modes depend on the electrolyte solution because of the non-conductive nature
of biological samples. The electrolytes in the solution surround the sample with ions
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that allows the probe to sense. The conductivity of the solution also plays a role in the
total resistance of the system. Assuming a constant conductivity of the electrolyte










where D denotes the tip-sample distance that doubles the resistance [7].
Figure 2.2: Curve diagram as pipette approaching sample. As the probe moves away
from the sample, current becomes saturated. Adopted from [13]
The first mode is constant z mode. The probe is lowered towards the surface
until a resistance change. Figure 2.2 shows that as the probe approaches a non-
conductive surface, current decreases. As the probe is moved laterally, the resistance
is monitored. The varying resistance correlates to a current change from which the
topography is calculated. Shown in Figure 2.3A, the probe is moved laterally at a
constant position while the current is recorded as a measure of height. Due to the
constant position in the z-direction, some features are difficult to recover because the
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distance between the tip and a particular region of the sample may be too far for
the probe to recognize. Shown in Figure 2.2, the current becomes saturated between
25-50nm, which means that any space between the tip and sample that is greater
than 25-50nm may not be detected. In Figure 2.3A, the beginning and end of the
sample may not be recovered if the difference between the height and bottom of the
sample is greater than 25-50nm.
Figure 2.3: Various modes of SICM. A)Constant Z-mode. B) Direct-Current (DC)
Mode. C)Alternating-Current (AC) Mode. D) Backstep Mode. Adopted from [13]
The second mode is the direct-current (DC) mode. In DC mode, a feedback
signal is used to maintain the tip-sample distance at a constant distance, similar
to constant z-mode. The feedback signal modulates the probe until a predefined
threshold resistance and the recording resistance have a difference of zero. While the
probe moves laterally, the probe will be at a constant distance and the modulation
of the z-position is recorded from the piezo-actuator. An issue with direct-current
mode is DC drift. DC drift will cause a constant decrease in current as the probe
moves laterally. Because the probe follows its lateral movement, abrupt differences
in the sample will inevitably lead to physical contact between the probe and sample,
potentially destroying the sample [7]. To circumvent this issue, a superimposition of
an alternating current (AC) is applied to the direct-current [7].
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In (AC) mode, the amplitude of the AC component is detected by a lock-in
amplifier and serves as the feedback signal that modulates the probe. One of the
major advantages of this method is the response of the AC component, which allows
the surface to be detected at larger distances, and this method is also less prone to
DC drifts. [7]. Similar to DC mode, recovering steep abrupt changes is a difficult
task.
In backstep mode, shown in Figure 2.3D, allows the pipette to react to steep
changes. This mode is a non-continuous scan that retracts the probe after the surface
has been sensed. Thus, large differences can be imaged without damaging the cell.
[7]. A drawback to this method is the speed of the scans being slower because the
recording of each pixel requires an entire approach curve over a large distance.
SICM has shown potential in its role in biological studies. Currently, SICM is
able to reveal the morphology and dynamics of live cells [14]. The advantage of
SICM is its non-invasive nature that keeps the integrity of delicate biological cells.
2.2 Role In Biological Studies
Cells are easily affected during the imaging process because they are soft and
delicate. High resolution images of biological samples can be obtained by electron
microscopy, but this method requires the sample to be fixed before performing ex-
periments [14]. As the cell is fixed onto a slide, proteins within the cell are altered
chemically such that their biochemical activity is seized and the cells are not consid-
ered living. Although the cells are fixed, the cells remain soft and prone to distortions
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by the scanning probe, as shown in Figure 2.4 [7].
Figure 2.4: A comparison between Atomic Force Microscopy and Scanning Ion Con-
ductance Microscopy. Scans were first performed by SICM in boxes (c) and (d).
AFM scanning took place in (f) and (g), which shows deformation of the sample
indicated by the white arrows. Image were retraced with SICM in (i) and (j) and
confirm the deformation caused by AFM. Adopted from [7]
Rheinlaender and colleagues compared imaging processes on fixed cells between
the AFM and SICM [18]. They showed that AFM images of fine cellular structures
appear lower and thinner when compared to SICM images of the same sample. AFM
also ruins parts of the sample, which is marked in white arrows and dashed circle in
Figure 2.4.
In contrast to AFM, SICM is able to reveal the morphology and dynamics of live
cells at nanometer scale and to complement confocal microscopy and patch clamp
systems [14]. Because SICM is a non-invasive technique, it allows for continual real-
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time observation of changes in the cell surfaces under physiological conditions and to
investigate the growth of neuronal growth cones [14] [17]. Recovering high-resolution
images of specialized cells such as microvilli, cilia, and tight junctions can provide
great insight into cell development and growth, as shown in Figure 2.5. In addition
to cell shape, spread range, cell height, and cell volume, cell roughness and types
of membrane protrusions can be studied. This can pave the way for more in-depth
studies of the pathology of tumor cells [1].
Figure 2.5: Topography of specialized membrane structures. A)Microvilli. B)Cilium.
C)Endocytic pits D)Tight Junctions. Adopted from [14].
In addition to high-resolution imaging of surface topography, SICM can provide
multi-functional analysis of living cells. Morphological transformations induced by
a physiological stimuli, identification of intracellular signaling pathways, and char-
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acterization of mechanical responses [1]. Instead of imaging sub-cellular structures
in a cell, recovering the topography of a whole tissue can provide obvious differences
of cell shape and arrangement of healthy and unhealthy cells or cells undergoing
morphological changes, as shown in Figure 2.6. SICM has been used to monitor the
process of cell regulation generated by hypertonic or hypotonic stress when induced
by a physiological stimuli [1]. SICM can also be used to investigate how mechanical
forces affect living cells, which transmit and convert mechanical stress into biochem-
ical or physiological responses [1]. This activity allows the cell to migrate, change
their shape, contract or show electrical activity, which makes imaging live cells a
complex task [7].
Figure 2.6: SICM images of A6 cells showing differences in microvilli structure in
cells during differentiation . Adopted from [12].
SICM offers an alternative to cell imaging and keeps the cells alive. Living cells
maintain parts of their physiological activity even in culture. SICM can also monitor
cell volume and movements, deliver mechanical and chemical stimulation to cells or
cellular nanostructures, and even guide cell growth [14].
12
Mentioned previously, SICM can be used to complement patch clamp experi-
ments. Patch clamp is an electrophysiological technique, which the SICM circuitry
is based from.
2.3 Patch Clamp
The patch clamp technique is used in electrophysiology to learn about the char-
acteristics and distribution of ion channels in living cells [3]. Patch clamp is a refine-
ment of another technique called two-electrode voltage clamp (TEVC), which will
be discussed later in this chapter. The patch clamp technique was first described
by Erwin Neher and Bert Sakmann where they were able to record high resolution
conductance measurements in denervated frog muscle fibers [15]. Patch clamp stud-
ies have shown that ionic channels frequently associate with subcellular structures
and are not uniformly distributed on the cell surface [3].The key to obtaining high
resolution measurements is to limit the membrane area from which current is mea-
sured to a small patch, which decreases background membrane noise [15], shown in
Figure 2.7 as a ”giga-ohm seal”. The small patch forms an electrical seal with a
resistance in the order of 50GΩ, which ensures that most of the currents coming
from the small patch flow into the pipette and into the measuring circuitry [5]. The
patch clamp utilizes a feedback resistor with an operational amplifier. The current
will flow through the feedback resistor and will be measured as a voltage drop. The
single channel allows for the study of smaller cells, but has a limitation on the current
it can handle. The single electrode is also responsible for recording voltage and in-
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jecting current simultaneously, which is in contrast with TEVC where one electrode
is responsible for monitoring voltage and another electrode is responsible for inject-
ing current. Because of this simultaneous action, a practical limitation of the patch
clamp technique is that the voltage command is given across both the electrode and
the cell in series [9]. The ability to clamp large currents is impossible with single
electrode/patch clamp techniques [9]. The small current can be an issue for signal
processing because it can be heavily affected by background noise. The patch clamp
system must be in a strict environment that must be effective in blocking out any
background noise from outside environments.
Figure 2.7: Schematic circuit diagram for patch clamp recording. Shown is the
giga-ohm seal to ensure ionic current flowing through the micro-pipette
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A key component to SICM, patch clamp, and TEVC is the silver chloride elec-
trode. The silver chloride electrode provides the chemical reaction necessary to
transform ions into electrons. This will be explained in the next section.
2.4 Silver Chloride Electrodes
The function of silver chloride electrodes play a very integral role in the SICM
system. The interaction between the electrolyte solution and the solid electrodes
allows the for the ionic current to transform into an electronic current that is mea-
surable by the amplifier.
Silver/silver chloride electrodes are known to have advantageous properties such
as large potential stability, electrochemical reversibility and non-toxicity to biological
systems which make them practical for SICM.
A silver/silver chloride electrode consists of a solid wire of Ag(s) covered with
a solid layer of its salt silver(Ag)chloride, AgCl(s). The electrode inside the micro-
pipette can be descried as Ag(s)—AgCl(s)—Cl(aq). An electron transfer takes place
between the silver core and the silver chloride, whereas a chemical exchange of chlo-
ride ions occurs at the surface of the silver chloride layer and the electrolyte solution
containing chloride ions. In summary, the equilibrium equation can be expressed as:
AgCl(s) + e
−
(metal) <=> Ag(s) + Cl
−
(aq) (2.2)
The potential E of the electrode is given by the Nernst equation
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E = E0 − RT
F
ln(acl−) (2.3)
where E0 is the standard potential of the hydrogen electrode, R=8.31 JK-1 mol-1
is the ideal-gas constant, the Faraday constant, F ≈ 9.65 x 104 C/mol, and acl is the
activity of the chloride-ions. The potential of E is dependent on the temperature (T)
and the concentration of chloride anions (acl
-) in the medium.
The electrodes are responsible for the flow of electrons being transformed into
a flow of ions in the solution. When using silver/silver chloride electrodes, a few
points of consideration should be taken. The transfer of ions can only be possible in
a solution that contains Cl− ions. There must be a reference electrode in order for
the circuit to be complete and allow the current to travel to. To avoid a difference
in half-cell potentials, the electrodes must be exposed to a solution of the same
concentration.
Lastly, the electrode will eventually exhaust its layer of chloride through the flow
of electrons which will cause bare Ag(s) to come into contact with the solution. This
will result in a reaction between the bare wire and the chloride solution which will
yield a precipitate of silver ions. Silver ion precipitate is toxic to many biological sys-
tems and will cause inconsistencies in SICM and voltage clamp experiments. Voltage
clamp, from which patch clamp was inspired by, will be discussed in the next section.
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2.5 Two-Electrode Voltage Clamp (TEVC)
The most powerful electrophysiological method for basic research is the voltage-
clamp technique [4]. This technique allows scientists to measure the current across
the cell membrane. The voltage-clamp technique was the basis of the Hodgkin-
Huxley description of excitability and the demonstration of single-channel events by
Neher and Sakmann [4]. Voltage clamping allows for the potential in the system to
be set to a specific voltage while recording the current.
Figure 2.8: Schematic of conventional two-electrode voltage clamp. Adopted from [4]
Voltage clamp has been used to study voltage dependent ion channels in cells.
Much of our understanding of basic biophysical properties of ion channels have been
gained through TEVC. Specifically, TEVC has been used to study skeletal mus-
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cle cells and Xenpus oocytes which are often used for exogenous expression of ion
channels and receptors [4]. TEVC is typically only suitable for clamping large cells
because of its two-electrode set up, but nonetheless, this technique is irreplaceable
in voltage clamping of large cells. Although the TEVC offers many advantages, to
measure smaller cells patch clamping is used.
The basic schematic for TEVC is shown in Figure 2.8. The membrane potential
(Vm) is monitored by electrode 1 which is connected to the input of a voltage follower
(A1). A1 has a very high impedance that draws negligible current from the cell. The
output is connected to an input in A2, which is a high gain differential amplifier and
compares Vm, with the voltage command (Vc) applied to the other input. A2 will
output a current that is proportional to the difference between Vm and Vc into the
cell via electrode 2. The differential amplifier will calculate the difference between
Vm and Vc as an ”error’, consequently forcing electrode 2 to inject current into the
system to offset this ”error” as a feedback system. Ionic conductance will decrease
as the probe approaches the sample, which what we are measuring, but if the ionic
conductance is too small the electrode will not be able to measure this signal. By
increasing the voltage command, thus increasing the current, ionic conductance will
increase which will allow the system to measure small amplified signals.
TEVC offers many advantages over single-electrode voltage clamp, such as having
a high current-passing capacity, able to inject current into the system for increased
sensitivity, and increased signal-to-noise ratio (SNR) [9]. Increasing sensitivity and
SNR is important in a scanning ion conductance microscope. It increases the ionic
conductance of the system, which allows for higher sensitivity and low noise when
18
scanning a sample and its features. While these advantages are observed in voltage
clamp experiments, TEVC based SICM benefits from them also. The apparatus of
TEVC based SICM will be discussed in the next chapter.
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Chapter 3
TEVC Based SICM: Materials and
Method
Chapter 3 will present the experimental materials and methods of the research.
TEVC based SICM is used to perform measurements on a sample’s surface to produce
a topographical image of a non-conductive sample. Explained in this chapter are, a
detailed description of the hardware and software used in all the experiments.
3.1 Data Acquisition
An Arduino MEGA was used to acquire the signal from the amplifier, which was
interfaced to the computer using MATLAB. Using an Arduino/MATLAB library,
data signals were converted from analog to digital and plotted. A BNC to alligator
clip cable was used to plug into the output of the Geneclamp 500 amplifier, while
the positive and negative terminals of the alligator clips were used to plug into a
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ground and analog input pin on the Arduino Board. Using the scaled output from
the amplifier, a low-pass filter was enabled. MATLAB includes an Arduino library
that makes interfacing the devices seamless.
3.2 Glass Capillaries and Micro-pipette Puller
The scanning electrode consists of a glass micro-pipette that is pulled prior to
the scanning experiments. The probe is made of borosilicate glass and pulled by a
Sutter Instruments flaming/brown micro pipette puller [16]. The P-97 is ideal for
fabricating micro-pipettes, patch pipettes and microinjection needles. The model
features an environmental chamber that surrounds the heating filament which is
designed to minimize the effect of changing humidity on the reproducibility of pulled
pipettes. The glass capillaries are purchased as 10cm long hollow tubes from Sutter
Instruments. The outer diameter, O.D., is 1.50mm and the inner diameter, I.D. is
0.86mm. Before the pipettes are pulled, the user must input several parameters for
the micro-pipette. The parameters are Heat, Pull, Velocity and Delay. Pipettes were
pulled with the intention of having a narrow tip diameter of about one micron, and
because of fragility issues the tip wasn’t to be too long. The scanning probes were
pulled using a micro-pipette puller. A pulled pipette is shown in Figure 3.1. The
parameters entered for the pipettes can be seen in Figure 3.2. The impedance of each
probe was easily determined by a push of a button on the Geneclamp 500 amplifier.
Because of the narrow aperture of the pipette tip, the pipette must be gently tapped
to allow a minimal opening in order for the current to pass through the tip, but,
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in turn decreases the impedance of the pipette. Pipette impedance can range from
20-30MΩ.
Figure 3.1: Pulled Micro-Pipettes under specific parameters entered in the Sutter
Instrument P-97.
3.3 Filling Micro-pipettes
Filling the electrodes with the electrolyte solution can be tricky without the
proper tools. Because of the extremely small diameter of the tip, the solution will
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Figure 3.2: Program for pulling micro-pipettes using the Sutter P-97.
have a difficult time to enter through capillary action. To back-fill the pipettes, a
micro-capillary loader is used. The loader has a long tip that is thin enough to fit
through the micro-pipette, shown in Figure 3.3. The solution is then back-filled and
the loader is pulled as the solution fills the pipette. Air bubbles must be avoided
as the micro-pipette is being filled. Air bubbles will cause the readings to flux and
be inconsistent. The solution is only filled until a few millimeters of the silver/silver
chloride wire is submerged, which can be seen in Figure 3.4.
3.4 Silver Chloride Electrodes
Silver/silver chloride wires are used to be inserted through the micro-pipettes.
To obtain the silver chloride layer, an end of the silver wire is immersed in a solution
of sodium hypochlorite overnight. This results in a thin dark gray layer of silver
chloride around the silver wire (Ag/AgCl). Figure 3.4 shows one end with the layer
of silver chloride and eventually leads to bare silver. The portion with the bare silver
is inserted through the pipette holder, where a small portion comes in contact with a
brass pin that creates a stable electrical contact with the headstage. This is done for
two electrodes while the third electrode is a silver/silver chloride reference electrode.
The reference electrode can be seen in Figure 3.5.
23
Figure 3.3: Micro-capillary loaders used to back-fill micro-pipettes.
3.5 Electrolyte Solution
Electrolyte solution containing chloride ions allows for the electrons to transform
into ionic current measured through the electrodes. The chloride solution in this
research was made by dissolving potassium chloride salts in de-ionized water to a
concentration of 0.1M. The concentration of the chloride affects how ionic currents
are measured through the electrodes. As described in Equation 2.3, the higher con-
centration of chloride ions present in the solution, the greater the potential in the
electrode. The increase of chloride ions will also result in an increase of background
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Figure 3.4: Back-filled silver/silver chloride electrodes.
noise introduced to the measurements.
3.6 Geneclamp 500 Voltage Clamp Amplifier
An Axon Instrument Geneclamp 500 Voltage clamp, shown in 3.6, was used to
perform the experiments. The Geneclamp 500 is typically used for two-electrode
voltage clamp, but we have utilized it as our amplifier for our SICM experiments.
The front panel of the amplifier is split into 5 sections; current clamp mode, TEVC
mode, patch clamp mode, the display of the potential and current, and a scaled
output options. For SICM experiments, the TEVC and the scaled output sections
were utilized. The gain, stability, and the command potential knobs are controlled
in the TEVC section. The output selection allows the user to pick different gains,
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Figure 3.5: Reference electrode soldered to a brass pin that can be connected to the
headstage.
different frequencies for a low-pass filter, and choose which electrode the user wishes
to record from.
The command potential knob allows the user to set the potential of the media
that the sample sits in, shown in Figure 3.6. Varying the command potential will
also force Electrode 2 to inject current into the medium. Electrode 2 is forced to
inject current into the system because the two electrodes work together to keep the
media at the predefined potential.
The gain and stability knob work together to keep the amplifier stable. Turning
the gain knob too high without also turning the stability knob will ”overload” the
system because output exceeds 11 volts. In order to continually increase the gain,
the user must also turn the stability knob. The stability knob stabilizes the high gain
26
Figure 3.6: Axon Geneclamp 500
output by introducing a phase lag into the feedback loop to compensate for electrode
cross-coupling phase lead. This allows the amplifier to operate at high gain, which
allows for more sensitive readings for SICM experiments.
The scaled output section has many functions that can be used, shown in Figure
3.6. There are 6 different modes from which the user can choose to measure. There
is a voltage and current reading for each of the electrodes, totalling in 6 different
buttons, one for each. In SICM experiments, current measurements from electrode
2 are obtained. The section also has 9 different frequencies that the user would like
for a 4-pole low-pass Bessel filter. The frequencies range from 10Hz to 50kHz, but
the 10Hz low-pass filter was used in the SICM experiments.
3.7 Geneclamp Headstages
The electrodes mentioned above have two headstages that allow for the measure-
ment of voltage and current in the system. The Geneclamp offers two modes with
the provided HS-2A headstages, Setup and Voltage Clamp mode. In Setup mode,
the headstages function as a 12V compliance unity gain buffer amplifier. The out-
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put of the buffer amplifier follows the voltage at the tip of the electrode and has a
high-quality current injection circuit connected to the input node that injects a flow
current down the electrode. A schematic circuit of headstage 1 is shown in Figure
3.8.
Figure 3.7: Geneclamp 500 HS-2A Headstages with the reference electrode.
In voltage clamp mode, the two electrodes work together in monitoring the volt-
age, electrode 1, and to pass-current into the system, electrode 2. In the headstage of
electrode 2, there is a 1MΩ resistor limiting the current to ±160µA. The high-current
capacity of electrode 2 allows the system to become more sensitive to changes in the
sample. By increasing the voltage command, a proportional current is injected into
the system. This is done by the differential amplifier, shown in 3.8, where the output
is the difference between the voltage measuring amplifier and the voltage command.
Increasing the voltage command will increase the difference inside the differential
amplifier, effectively forcing more current into the system.
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Figure 3.8: Schematic circuit of Headstage 1 and Headstage 2 in Voltage Clamp
Mode.
3.8 Motorized Micro-manipulator
Scans were performed using a motorized micro-manipulator, MPC-200, from Sut-
ter Instrument. The micro-manipulator system consists of a power box, controller,
and the manipulator. The micro-manipulator has a resolution of 62.5nm/micro step.
The speed can also be varied but not specifically controlled. The graphic user-
interface (GUI) allows for six different modes of speed. To control both electrodes
at once, two adapters were mounted onto the manipulator that the electrodes clip
onto. This also allowed for the micro-pipettes to be in close proximity to each other.
Once the electrodes are placed, the controller can precisely move the manipulators
in the X, Y, and Z direction. The micro-manipulator can be controlled through a
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GUI called Multi-Link, shown in Figure 3.10.
The holder for the electrodes are part of the motorized micro-manipulator. In
order to have both electrodes in close proximity, two holders were attached to the
motorized micro-manipulator. The holders fastened the electrodes, and allowed for
the angles of the electrodes to be modified, shown in Figure 3.9. After the probes
were adjusted, the reference probe was attached to the pipettes. Using Multi-Link,
the GUI for the micro-manipulator explained in 3.8, the micro-manipulator moved
both probes with the reference electrode for each scan. Because the GUI could not
be controlled by MATLAB, the start of the scan was manually done. The length of
the scan was determined by the size of the sample which was inputted prior to the
experiment. The time of the scan was designed to end when the micro-manipulator
would finish its scan.
Figure 3.9: Holders for the headstage amplifiers. Each holder has a clip that is able
to fasten each headstage.
Multi-Link is a position control software that is offered by Sutter Instrument, and
allows the user to enter a specific distance and to control the speed of the scan. The
GUI also shows the position of the pipette, shown in red in Figure 3.10.The speed
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Figure 3.10: Multi-Link GUI to control the micro-manipulators.
of the scan is a factor in the resolution of the image because it allows for more data
points to be gathered.
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Chapter 4
TEVC Based SICM: Validation
and Discussion
4.1 Acquirement of Signal
In order to record the current from the amplifier, an Arduino Mega was used to
convert the analog signals into digital signals. An overview of the devices is shown in
Figure 4.1. MATLAB offers Arduino support, which makes interfacing the Arduino
to MATLAB fairly simple. After configuring the Arduino to convert the signals, a
script was written in MATLAB to receive the signal from the Arduino and have it
plotted. The script inside MATLAB included a code to have the graph plotted in
real-time in order to observe the scan. It also included a timer to have the scan run
for a specific time to ensure consistent data readings for each scan. The timer to
collect data also coincides with the length of the scan. It is set up to end as the
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micro-manipulator comes to an end to keep the graph accurate, shown in Figure
4.2 To reduce the affects of vibration, the apparatus is set on an optical table. The
optical table provides stabilization for the micro-manipulator controlling the probe.
Figure 4.1: Overview diagram of acquiring signal from the Geneclamp 500 amplifier.
4.2 Probe Position and Scanning Pattern
Before experiments are carried out, the electrodes must be set up to be in close
proximity of each other. In addition to the electrodes being near, the reference elec-
trode must also be in close proximity. Shown in Figure 3.7 and 4.4, both electrodes
are right next to each other along with the reference probe. In the experiments, the
z-direction of the probes was constant. The probe was lowered towards the sample
until a significant decrease in current was observed in MATLAB. This was typically
between 1-5µm above the tallest region of the calibration samples. Sometimes, the
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Figure 4.2: A flowchart for the communication between MATLAB, Arduino and
Micro-manipulator.
tallest region is not obvious, which will result in the pipette hitting the sample caus-
ing the tip to break off. Once the probes were in position, the scanning of the samples
followed.
The scanning area must be designated before the readings begin. This ensures
the sample will be in the designated area when the sample is being scanned.
Figure 4.3 illustrates the scanning pattern of the samples. The area is spanned
by the probe with an initial point at (Ix,Iy). Once the scan is finished in each row,
34
Figure 4.3: Path of scanning probe in relation to sample. Initial scanning point is
denoted by (Ix,Iy) and the final point is defined by (Fx,Fy).
the probe is moved down into the next row to complete the next scan. To encompass
as much of the sample as possible, the distance moved in the Y direction is about
5% or less of the entire area. Each time the scans are finished, the data was saved
as a file for processing later on.
4.3 TEVC Based SICM Validation
Calibration of the SICM apparatus is done by scanning a sample with known
horizontal and vertical dimensions. Using SOLIDWORKS, a disk calibration sample
was created and fabricated from Shapeways. The calibration sample consists of a
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Figure 4.4: Placement of electrodes in relation to the scanning direction. Top View.
20mm diameter disk-shape sample with a height of 5mm. The disk has extrusions
that are 1mm apart and 0.5mm deep. The SOLIDWORKS design of the disk-sample
can be seen in Figure 4.5. Shown in Figure 4.5 is a cross-sectional reading of the
sample. The probe will start off the sample and as it moves laterally the signal will
correspond to the distance between the tip and the sample. Because of DC drift,
the potential must be compensated at the beginning of each scan to ensure the same
reading. Due to DC drift, inconsistencies can be seen in the 3D images. While
compensating for the DC drift at the beginning of each scan improves the image
greatly, nonetheless the quality is still inconsistent.
Once the reading is finished, the probe was moved 500µm in the Y-direction and
the process was repeated. As the probe finishes its last reading, the data is then
imported into MATLAB for image processing.
When all scans are performed in the designated area, all cross-sections are put
in a XY-scatter plot, shown in Figure 4.8 and Figure 4.9. Using MATLAB, all data
points are imported and plotted to get a rough sketch of the topography.
Using MATLAB, the 3D images of the disk calibration samples are shown in
Figures 4.10 and 4.11. These images were used with data points recorded in the
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Figure 4.5: Acrylic disk calibration sample designed in SOLIDWORKS and fabri-
cated by Shapeways.
Figure 4.6: Cross-section of the disk calibration sample. As the probe scans the
sample, current decreases as space between tip and sample decrease.
second to slowest and the slowest speed possible on the micro-manipulator. Scanning
the samples at the slowest speeds ensure as many data points possible to create a
topographic image. When comparing topography of Figure 4.10 and Figure 4.11, it
can be seen that there are regions in Figure 4.10 that are not as defined as Figure
4.11.
Due to the speed of the micro-manipulator at different levels and the fact that
is has a resolution of 62.5nm/microstop, the 1mm space between the rings and the
0.5mm depth of the disk calibration may be hard to recover. This is especially evident
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Figure 4.7: Cross-section of the disk calibration sample at slower speed than 4.5.
As the probe scans the sample, current decreases as space between tip and sample
decrease.
Figure 4.8: All cross-sections of the disk-shape calibration sample. A scatter plot
image before 3D rendering at the second to slowest speed.
in Figure 4.10. Although, slowing down the scan to its slowest speed allows the probe
to pick up some of the features that a faster speed could not, seen in Figure 4.11. A
consequence from scanning at the slowest speed is the vibration it causes from the
motors in the micro-manipulator. This vibration causes extra background noise that
the probe will pick up. In addition to the vibration, the scan is also exposed to DC
drift for a longer period, which will cause a declining slope in the z-direction.
Figures 4.6 and 4.7 depict the difference in data points when speeds are slower.
Figure 4.7 is shown in the slowest mode the micro-manipulator offers while Figure
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Figure 4.9: All cross-sections of the circular-shape calibration sample. Rough topo-
graphic image before 3D rendering at the slowest speed.
Figure 4.10: 3D image of circular calibration sample at second to slowest speed.
4.6 is at the second to slowest speed. While the distance scanned are identical,
more data points are gathered at the slower speed. This can be the reason features
were picked up in Figure 4.11 and not 4.10. While the speed is controlled by the
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Figure 4.11: 3D image of circular calibration sample at slowest speed.
micro-manipulator, the amount of data points gathered are controlled by a serial
communication along with the process speed of the computer. This causes an incon-
sistency in the data points gathered, which is seen in Figure 4.9. The inconsistent
number of data points can often times cause a shift in the topography. To circumvent
this issue, scans are made sure they have no less than a difference of 3 data points.
This will ensure that each point is being measured as consistent as possible.
In addition to the speed being varied, the voltage command can be controlled.
The increase in potential allows for the change of current to be more sensitive, which
in turn, will also help with picking up minute features. To further increase the
difference between Vc and Vm, increasing the gain will also effectively do so. While
increasing the gain will increase the sensitivity, the background noise may also be
amplified. In Figure 4.6, the potential is set higher than of Figure 4.7. This is
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Figure 4.12: Non-conductive washer used as a sample calibration piece.
evident when comparing the change in current on the Y-axis at the same position of
the sample.
Additional samples were also used to calibrate the system. In another sample
reading, a non-conductive washer was used. The sample consists of 5.85mm outer
diameter and 2.35mm inner diameter with a height of 1.95mm which is shown in
Figure 4.12. Once all data points were recorded, a surface plot was generated, shown
in Figure 4.14. For further processing of the image, the surface plot was interpolated
to smoothen the 3D image, shown in Figure 4.15. A cross-sectional reading can also
be seen in Figure 4.13.
The washer sample is smaller than the disk sample. This makes for a shorter
distanced scan, which helps with the DC drift. This was done at the second to
slowest speed to avoid DC drift. It is evident in Figures 4.13 and 4.14 that DC drift
did not greatly affect the scan. Figures 4.13 and 4.15, show that there is a slight
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Figure 4.13: Cross-section of non-conductive washer sample. Current decreases as
probe approaches the sample.
bump towards the bottom right corner of the washer. This bump is not obvious to
the naked eye but the SICM was able to pick it up. When immersing the sample into
the electrolyte solution, air bubbles will form in the inner circle. If the air bubble
is present as the probe approaches, it will decrease the flow of ions, thus decreasing
the current. This will cause the reading to be inaccurate.
In the cross-sectional figures 4.6, 4.7, 4.13, and 4.17, current is shown to decrease
as the probe passes the sample and increase as the space between the tip and sample
increase. Once all the cross-sectional readings for the samples are put in a surface
plot, the figure must be reversed in the Z-direction to depict an accurate version of
the sample.
The last sample used was a non-conductive hexagonal shape with a circle in the
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Figure 4.14: Surface plot of washer sample using MATLAB before 3D rendering.
Figure 4.15: 3D image of non-conductive washer sample.
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Figure 4.16: Non-conductive hexagonal sample with an inner circle.
middle. The hexagon is 5mm wide and has an inner diameter of 2mm with a height
of 2mm. Shown in Figure 4.16 is the non-conductive hexagonal sample with an inner
circle. Figure 4.18 shows a surface plot of all data points for the hexagon sample.
After interpolating the surface plot a 3D topographic image is generated, which is
shown in Figure 4.19 and 4.20. Figure 4.19 is angled to show the inner circle while
Figure 4.20 is angled to show the six sides of the hexagon.
Similar to the washer sample, the air bubble that forms in the inner circle must
be taken out. In Figures 4.18 and 4.19, it can be seen that the potential was inconsis-
tently set prior to each scan. Evidently, this caused a slight shift in the topographic
image.
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Figure 4.17: Cross-section of non-conductive hexagonal sample. Current decreases
as probe approaches the sample.
Figure 4.18: Surface plot of washer sample using MATLAB before 3D rendering.
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Figure 4.19: A 3D image of non-conductive hexagonal sample. The hexagonal image
is shown with the inner circle.
Figure 4.20: A 3D image of non-conductive hexagonal sample. A top view of the
hexagon to indicate its six sides.
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Chapter 5
Conclusion and Future Direction
Currently, SICM is conducted by the use of one electrode. In this research,
two electrodes with a reference electrode are used to recover the topography of a
sample. Using the circuitry of the two-electrode voltage clamp, an apparatus was
able to be put together to recover topographical images. Typically, a SICM will scan
samples using an alternating current approach, which requires additional devices to
be incorporated into the system. In the results above, the sample topography was
recovered with a constant z-approach. There are a few drawbacks from using this
approach such as having background noise which makes recovering the image difficult
at times.
In a constant-z approach, the probe was lowered until a change in resistance was
observed, which was indicated by the decrease in current as the probe was lowered in
the z-direction. The three calibration samples that were used needed a flat surface
because of the constant position of the probes, but the samples had features then
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went downward so it would not have any protruding features that can come into
contact with the probes. Figures 4.10 and 4.11 show a topographic image of Figure
4.5, but is shown with rough edges. Some of the inconsistencies arise from having
to reset the potential before every scan. DC drift is a common occurrence after
every scan. To circumvent this issue, the potential must be increased back to the
same value. Because the background noise is always apparent, returning to the same
potential proves to be a difficult task.
The hexagonal sample in Figure 4.16 was obtained in the same manner as Figure
4.10. To try and remove some of the background noise, measurements of background
noise were taken prior to scanning the sample. Recording the background noise
requires the probe to be scanned in the same exact location as the sample would
be scanned. The known background noise was subtracted from the sample data to
remove the noise from the topographic image, seen in Figure 4.19.
The same exact approach was also used for the washer sample in Figure 4.12.
In Figure 4.15, there is a noticeable inconsistency in the topographic image that is
shown in darker blue. When moving the probe to the other end of the darker shade,
the probe had more space between the tip and the sample which would be consistent
with the image in Figure 4.15. The uneven surface can arise from the platform being
uneven or the micro-manipulator having an uneven track.
For future experiments, incorporating the alternating current (AC Mode) ap-
proach would be integral to improving the topographic image. AC mode requires
a piezo-actuator that oscillates with high frequency. The change in resistance and
current would be used as a feedback signal and the change in distance of the piezo-
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actuator would be recorded for the topographic image. Because the signal will be
oscillating, a lock-in amplifier would be needed. In essence, the lock-in amplifier
would stabilize the system and remove the background noise by creating a modulat-
ing reference frequency and phase-sensitive detection.
The feedback system is an integral part of SICM. The current used as a feedback
loop to tell the SICM when to move in the z-direction. As the current changes,
the piezo-actuator will react and position the probe until the current matches the
reference signal. As the probe scans, the change in the piezo-actuator will be recorded
as it uses the feedback signal to move back into its position.
While this two-electrode SICM can recover a rough topographic image, it can be
improved to recover high resolution images. Because the two-electrode voltage clamp
can handle more current than a patch clamp can, sensitivity can be increased with
a TEVC set-up. A major downfall of increasing gain is the background noise, but
it also decreases the life-time of the Ag/AgCl electrode. This will cause all of the
Ag/Cl to react with the chloride solution and leave bare silver to come in contact
with electrolyte solution. When bare silver reacts with the chloride solution, it will
yield a precipitate inside the pipette, effectively ruining the electrode. In addition
to the precipitate, silver ions are toxic to biological cells.
While we were able to recover the topography of non-conductive samples using the
equipment we have in our possession using the constant z-mode, with more updated
equipment, the resolution of the images can be improved.
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Figure A.1: MATLAB Script to Import Data and 3D Rendering.
